A chromosomal translocation disrupting human MBOAT1 results in a novel syndrome characterized by male sterility and brachydactyly. We have found that the Drosophila homologues of MBOAT1, Oysgedart (Oys), Nessy (Nes), and Farjavit (Frj), are lysophospholipid acyltransferases. When expressed in yeast, these MBOATs esterify specific lysophospholipids preferentially with unsaturated fatty acids. Generating null mutations for each gene allowed us to identify redundant functions for Oys and Nes in two distinct aspects of Drosophila germ cell development. Embryos lacking both oys and nes show defects in the ability of germ cells to migrate into the mesoderm, a process guided by lipid signals. In addition, oys nes double mutant adult males are sterile due to specific defects in spermatid individualization. oys nes mutant testes, as well as single, double, and triple mutant whole adult animals, show an increase in the saturated fatty acid content of several phospholipid species. Our findings suggest that lysophospholipid acyltransferase activity is essential for germline development and could provide a mechanistic explanation for the etiology of the human MBOAT1 mutation.
INTRODUCTION
The membrane-bound O-acyl transferases (MBOATs) comprise a family of enzymes found in organisms ranging from bacteria to humans (Hofmann, 2000; Shindou and Shimizu, 2008) . They catalyze the covalent addition of fatty acid chains to diverse substrates that include sterols, neutral lipids, phospholipids, and proteins, and they are important for such cellular processes as membrane synthesis and remodeling, lipid storage, and signaling (Yang et al., 1996; Cases et al., 1998; Bosson et al., 2006; Gutierrez et al., 2008; Yang et al., 2008) . The defining characteristics of MBOATs are multiple membrane-spanning domains and a conserved histidine residue in the active site (Hofmann, 2000) ; apart from these features, members of this protein family share only limited homology. Seven predicted MBOATs are encoded by the Drosophila genome (see Figure 1A ). Of these, Porcupine (Por) and Rasp have been shown to acylate signaling proteins; Por acylates Wnt family members, whereas Rasp acts on the Hedgehog (Hh) and Epidermal growth factor (EGF) families (Hofmann, 2000; Amanai and Jiang, 2001; Chamoun et al., 2001; Lee and Treisman, 2001; Micchelli et al., 2002; Zhai et al., 2004; Takada et al., 2006) . Midway (Mdy) is a diacylglycerol acyltransferase required for oogenesis, and CG8112 is most similar to acyl-CoA cholesterol acyltransferases (ACATs) from other organisms (Buszczak et al., 2002) .
The three other Drosophila MBOAT enzymes, encoded by the genes nessy (nes), CG18445, and CG9526, are homologous to the S. cerevisiae broad-specificity lysophospholipid acyltransferase (LPLAT) Ale1p (Benghezal et al., 2007; Chen et al., 2007; Jain et al., 2007; Riekhof et al., 2007a,b; Tamaki et al., 2007) . LPLATs are important for remodeling of membrane phospholipids, which involves phospholipase A 2 (PLA 2 )mediated deacylation at the sn-2 position and subsequent reacylation by LPLATs in a process known as the Lands Cycle (Lands, 1960; Yamashita et al., 1997; see Figure 1B ). Acyl-chain remodeling regulates the molecular species distribution of phospholipids and is important for maintenance of membrane fluidity and curvature (van Meer et al., 2008) . Because reacylation by LPLATs utilizes lysophospholipids and acyl-CoA as substrates, the Lands Cycle can also regulate the amount of lysophospholipid and free fatty acid available to act as signaling molecules or their precursors (Balsinde et al., 1999; Zarini et al., 2006; Gijón et al., 2008) . Lipid signals and second messengers play crucial roles in cell activation events, immune responses, and neuronal function, and they are misregulated in a wide range of human pathologies, including metabolic syndrome, inflammatory diseases, and cancer (Wymann and Schneiter, 2008) . However, few studies have addressed the importance of the Lands Cycle for the development of multicellular organisms.
We have named the Drosophila genes CG18445 and CG9526 oysgedart (oys) and farjavit (frj) respectively, two Yiddish words meaning "skinny," for their role in phospholipid synthesis. Here we use both biochemical and genetic methods to examine the substrate specificities of Oys, Nes, and Frj and their functions in vivo. Our findings implicate phos-pholipid remodeling in germline development and may provide an explanation for the male sterility associated with a chromosomal translocation disrupting human MBOAT1 (Dauwerse et al., 2007) .
MATERIALS AND METHODS

Yeast Genetics and Lysophospholipid Acyltransferase Assays
Full-length cDNAs for nes (RE03440), oys (RE60277), and frj (LD17340) were obtained from the Drosophila Genomics Resource Center (Bloomington, IN) . Open reading frames were amplified from these plasmids with the following primer pairs: Oys-Fw, ATGCTAGAACCGCCGAAATT; Oys-Rv, CTTTG-CATGACCGTTGCTAA; Nes-Fw, ATGGCGGAATTCGAGGA; Nes-Rv, CT-CAGACTTCTTATCTTCTGGTTTCTT; Frj-Fw, ATGAGCATCGACGACGT-CAT; and Frj-Rv, CTGCGCCTTCTCCTTCTCTA. Amplified products were cloned as C-terminal V5-His 6 -tagged fusions in the pYES-2.1-TOPO vector (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, and diagnostic restriction digestions and DNA sequencing were used to confirm correct orientation and sequence fidelity. Expression of the proteins in the Saccharomyces cerevisiae ale1⌬ mutant, microsome preparations, and Western blotting to confirm expression of the proteins were carried out as previously described (Gijón et al., 2008) .
Fly Stocks
Stocks used were P{EPgy2}nes[EY22898] (gift of H. Bellen, Baylor College of Medicine, Houston, TX), tubulin::Wun2 (Renault et al., 2004) , elav-GAL4, UAShmgcr (Van Doren et al., 1998 ; gifts of R. Lehmann, New York University School of Medicine, New York, NY), P{SUPor-P}KG00817 (oys), P{EPgy2}EY06644 (frj), jar 322 , Df(3R) crb87-5, Df(2R) X3, ptc-GAL4, c564-GAL4, tub-GAL4, w 1118 , and ⌬2-3, CyO; TM3/T(2; 3) ap Xa (Bloomington Drosophila Stock Center). Mutations in nes, oys, and frj were made by selecting for loss of the w ϩ eye color marker in the progeny of flies carrying both the respective P element and the ⌬2-3 transposase. Approximately 100 independent w Ϫ isolates were analyzed for each gene. Putative deletion alleles were analyzed in pools by PCR for loss of DNA in the region of interest, and PCR products were sequenced to determine the extent of the deletion. Precise excisions were also identified by sequencing and used as controls for the phenotypes described.
UAS-Oys-GFP and UAS-Nes-GFP were cloned by PCR amplification from full-length cDNAs and ligation into the Gateway system (Invitrogen), using the entry vector pENTR/D-TOPO (Invitrogen) and the destination vector pTWG (Drosophila Genomics Resource Center), which includes UAS regulatory elements and encodes a C-terminal green fluorescent protein (GFP) tag. Transgenic flies were created by standard methods. The constructs were expressed in S2Rϩ cultured cells using actin-GAL4 as described in .
Dual-Choice MBOAT Assays and Lipid-Molecular Species Determinations
Enzyme assays and mass-spectrometric analysis of the resulting products to determine the lysophospholipid and fatty acyl-CoA substrate specificities were carried out as previously described for the human MBOAT enzymes (Gijón et al., 2008) using 1-5 g of yeast microsomal protein containing recombinant Drosophila MBOAT protein. The phospholipid molecular species profiles of mutant flies or testes and the corresponding wild-type controls were determined by liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS) using multiple reaction monitoring. Three frozen flies of each genotype were vortexed with 5-mm glass beads in 0.6 ml of ethanol in a sealed tube to pulverize the tissue, followed by incubation in a boiling water bath for 30 min. After addition of 25 ng of each of the internal standards 17:0/20:4-phosphatidic acid (PA), 17:0/20:4-phosphatidylcholine (PC), 17:0/20:4-phosphatidylethanolamine (PE), 17:0/20:4-phosphatidylglycerol (PG), 17:0/20:4-phosphatidylinositol (PI), and 17:0/20:4-phosphatidylserine (PS), lipids were extracted from this preparation by addition of 4 ml methanol, 4 ml chloroform, and 3.6 ml 0.2 M KCl, followed by vigorous vortexing and centrifugation to effect phase separation. The upper phase was removed and the lower phase was washed twice with 7 ml of theoretical upper phase (methanol/0.2 M KCl/chloroform, 50/45/7, by volume). For testis analysis, 40 adult fly testes were homogenized in 1 ml methanol by microtip sonication for 1 min. Avanti Polar Lipids, Alabaster, AL) were added, and extraction proceeded as described above. The washed organic phase was dried under a stream of N 2 and dissolved in 500 l of 25% HPLC solvent A (hexanes/isopropanol 30:40, vol/vol) and 75% solvent B (1 mM ammonium acetate in hexanes/isopropanol/water 30:40:7, vol/vol/vol). A 20-l aliquot was injected into the LC/ MS/MS system. Normal phase chromatography was performed on a silica column (Ascentis, 150 ϫ 2.1 mm, 5 m, Supelco, Bellefonte, PA) at a flow rate of 200 l/min. Solvent B was maintained at 25% for 5 min and was increased gradually to 60% in 10 min and then to 95% in 5 min and was held for 20 min before reequilibration for 15 min.
Identification of phospholipids was carried out using an API 3000 triple quadrupole mass spectrometer (Sciex, Thornhill, ON, Canada) in the negative ion mode with multiple reaction monitoring (MRM) of the mass/charge ratio (m/z) transitions shown in Supplemental Table S1 , corresponding to combinations of the most common acyl chains in six major phospholipid classes. The amounts of the different phospholipid molecular species were measured by calculating the ratio of the integrated area of the corresponding intensity peaks of the analytes to the integrated areas of the peaks corresponding to the internal standards for the same phospholipid classes. Area integration and calculations were performed using MultiQuant software from Applied Biosystems/MDS Analytical Technologies (Sunnyvale, CA). Analyses were carried out in triplicate for each genotype, and the values reported are means Ϯ SEM.
Neutral Lipid Analysis by TLC
Lipid extraction of whole adult flies was carried out as described above, and TLC was used to assess major changes in neutral lipid abundance. Lipids equivalent to five flies were spotted on silica-60 TLC plates (Electron Microscopy Sciences, Hatfield, PA) and developed in the solvent system hexane/diethylether/acetic acid (60:40:1, vol/vol/vol). Plates were then dried and exposed to I 2 vapor to visualize lipids. Standards used for identification were oleic acid, monooleoylglycerol, dioleoyl-glycerol, trioleoyl-glycerol, cholesteryl-oleate, and cholesterol.
RNA In Situ Hybridization
Digoxigenin-labeled RNA probes were generated by transcription from either cDNA templates (oys, frj, wunen2) or templates produced by PCR from genomic DNA (nes). In situ hybridization was performed as described (Maurel-Zaffran and Treisman, 2000) . Sense probes gave no specific signal when used in parallel.
Immunofluorescence and Immunohistochemistry
Adult testes were dissected in phosphate-buffered saline (PBS) and fixed in 5% formaldehyde for 20 min at room temperature. Imaginal discs and salivary glands were dissected in PBS and fixed in 4% formaldehyde for 30 min at 4°C. Tissues were washed in PBX (PBS ϩ 0.1% Triton X-100) for 15 min and stained with rhodamine-phalloidin (1:200, Sigma-Aldrich, St. Louis, MO) and DAPI (1:4000, Roche, Indianapolis, IN) for 20 min at room temperature. Alternatively, tissues were blocked for 1 h at room temperature in PBS ϩ 1% Triton X-100 supplemented with 5% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) and primary antibody incubations were performed overnight at 4°C. Tissues were subsequently washed in PBX, incubated with Alexa dye-conjugated secondary antibodies (1:1000, Invitrogen) for 2 h at room temperature, washed, counterstained with DAPI and/or rhodamine-phalloidin, and mounted in Aquapolymount (Polysciences, Warrington, PA) or Fluoromount G (Southern Biotechnology, Birmingham, AL). Antibodies used were mouse anti-Hts (1:20, 1B1, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), mouse anti-Myosin VI (1:20, gift of K. Miller, Washington University, St. Louis, MO), rabbit anti-GFP (1:1000, Invitrogen), rabbit anti-active Caspase-3 (1:500, BD Biosciences, San Diego, CA), guinea pig anti-Hsc3 (1:50, gift of H. Ryoo, New York University School of Medicine, New York, NY), and mouse anti-Golgi (1:200, Calbiochem, La Jolla, CA).
Fixed and devitellinized embryos were rehydrated stepwise into PBX, blocked in 5% normal donkey serum in PBS ϩ 1% Triton X-100 and incubated overnight at 4°C in rabbit anti-Vasa primary antibody (1:5000, gift of R. Lehmann). Embryos were washed in PBX, incubated with biotin-coupled anti-rabbit IgG secondary antibody (1:500, Jackson ImmunoResearch) for 2 h at room temperature, washed, and developed using Vectastain ABC Kit (Vector Laboratories, Burlingame, CA). Alternatively, embryos were incubated with HRP-coupled anti-rabbit IgG secondary antibody (1:200, Jackson ImmunoResearch) and developed with 0.5 mg/ml diaminobenzidine. Embryos were dehydrated stepwise into ethanol and mounted in methyl salicylate:Canada Balsam (1:2 vol/vol).
Mitotracker staining of larval fat bodies was performed according to (Frei et al., 2005) with minor modifications. Larvae were fixed in 4% formaldehyde in PBS for 90 min, washed in 1% Tween-20 in PBS for 30 min, and stained with 300 nM Mitotracker Green FM (Invitrogen) in 1% Tween-20 in PBS for 1 h at 37°C.
Electron Microscopy
Testes were dissected from 1-to 2-d-old adult males, fixed in 1.5% glutaraldehyde in PBS, and processed for transmission electron microscopy (EM) according to Noguchi et al. (2006) .
Climbing Assay
Climbing assays were adapted from Xu et al. (2006) as follows. Groups of 10 -20 flies were tapped to the bottom of a food vial and were given 20 s to climb into a new vial placed on top of the old one (6 cm). This was repeated four more times. Each fly in the group was given one point for every vial that it climbed out of. The total number of points for the group was divided by the number of flies in the group. Six groups (total n ϭ 90 flies) were assayed for each genotype, and the results of all six groups were averaged to yield the climbing index for each genotype.
Rapid Cold Hardening
Flies were subjected to Ϫ5°C cold shock for 2 h in Eppendorf tubes using a standard heat block (Fisher Scientific, Pittsburgh, PA) in a Ϫ20°C freezer. Prior cold acclimation at ϳ5°C was performed in food vials in a water bath placed in a 4°C room.
RESULTS
Nes, Oys, and Frj Encode Lysophospholipid Acyltransferases
In addition to the previously described MBOAT enzymes encoded by por (Zhai et al., 2004) , rasp (Amanai and Jiang, 2001; Chamoun et al., 2001; Lee and Treisman, 2001; Micchelli et al., 2002; , and mdy and CG8112 (Buszczak et al., 2002) , the Drosophila genome encodes three uncharacterized MBOAT family members. These three MBOATs are homologues of the yeast LPLAT, Ale1p (Riekhof et al., 2007b) . Nes is most similar to human MBOAT5, Oys is most similar to human MBOAT1 and MBOAT2, and Frj is most similar to human MBOAT7 ( Figure  1 , A and C). New techniques for the expression and assay of LPLAT enzymes based on LC/MS/MS were recently developed for characterization of the human MBOAT family (Gijón et al., 2008) , and we applied these same techniques to elucidate the functions of the Drosophila enzymes.
We found that Oys, Nes, and Frj could all acylate lysophospholipids when expressed in acyltransferase-deficient ale1 mutant yeast (Riekhof et al., 2007a; Riekhof et al., 2007b) . Oys acted as a broad-specificity LPLAT similarly to yeast Ale1p; it was capable of acylating lysophosphatidylcholine (lyso-PC), lysophosphatidylethanolamine (lyso-PE), lysophosphatidylserine (lyso-PS), and lysophosphatidylglycerol (lyso-PG; Figure 2 ). Nes exhibited the highest activity toward lyso-PC, and Frj preferentially acylated lyso-PI ( Figure 2 ). Oys and Nes preferred unsaturated acyl-CoAs of at least 16 carbons, whereas Frj was highly specific for arachidonoyl-CoA (20:4; Figure 2 ). These results are consistent with recent reports characterizing the Caenorhabditis elegans and mammalian homologues of the three enzymes (Benghezal et al., 2007; Chen et al., 2007; Jain et al., 2007; Riekhof et al., 2007a,b; Tamaki et al., 2007; Gijón et al., 2008; Hishikawa et al., 2008; Lee et al., 2008; Matsuda et al., 2008; Zhao et al., 2008) . Like their mammalian homologues (Hishikawa et al., 2008) , GFP-tagged Oys and Nes constructs localized primarily to the ER in a variety of cell types (Supplemental Figure S1 , A-I). Farjavit is the Drosophila homologue of human MBOAT7, a lyso-PI acyltransferase (LPIAT). Nessy is the Drosophila homologue of human MBOAT5, also known as lyso-PC acyltransferase 3 (LPCAT3), and Oysgedart is the Drosophila homologue of human MBOATs 1 and 2. Other MBOAT family members include the Hedgehog acyltransferases (Rasp, HHAT, and HHATL), the Wnt acyltransferases (Porcupine and PORCN), the Ghrelin acyltransferase (GOAT/MBOAT4), the GPI remodeling acyltransferase Gup1p, the diacylglycerol acyltransferases (DGAT1 and Midway), and the cholesterol acyltransferases (ACATs 1 and 2, Are1p and Are2p, and Drosophila CG8112). Transmembrane containing protein 4 (TMC4) appears to be an "orphan" human MBOAT. Color blocks indicate substrate preferences as follows: red, lysophospholipid; yellow, Hedgehog; light green, diacylglycerol; dark green, cholesterol; blue, Wnt. Sequences were collected from NCBI Homologene (http://www.ncbi.nlm.nih.gov/sites/ entrez/query.fcgi?dbϭhomologene). (B) Schematic of phospholipid (PL) remodeling via the Lands pathway. Remodeling is initiated by a PLA 2 , which releases a free fatty acid (FFA) and a lysophospholipid. Acyl-CoA is generated from FFA via a CoA-ligase (FACL), and used by a lysophospholipid acyltransferase (LPLAT) to regenerate the PL. R is the chemical group specific for each phospholipid class: hydroxyl (PA), choline (PC), ethanolamine (PE), glycerol (PG), serine (PS), or inositol (PI). (C) Partial alignment of MBOAT family LPLATs from S. cerevisiae, D. melanogaster, and H. sapiens showing the conserved active site histidine (red asterisk).
Generation of Oys, Nes, and Frj Mutants
We observed that transcripts of oys, nes, and frj were maternally deposited in the embryo ( Figures 3B and 4B , Supplemental Figure S2B ) and showed widespread zygotic expression ( Figures 3D and 4D , Supplemental Figure S2D ). Late embryonic expression was restricted to subdomains of the visceral mesoderm (data not shown), as previously described for nes (Maurel-Zaffran et al., 1999) . To examine the roles these LPLATs play in vivo, we created null mutations in all three genes by imprecise excision of upstream P elements ( Figures 3A and 4A , Supplemental Figure S2A ). We identified three deletions extending into the coding region of nes; the largest, nes ⌬52 , is a 1.9-kb deletion that removes most of the open reading frame ( Figure 3A) . nes mRNA was not detectable by in situ hybridization in maternal/zygotic nes ⌬52 mutant embryos (Figure 3, C and E). For oys, we isolated a single 1.8-kb deletion, oys ⌬67 , that removes the first exon including the start codon but does not disrupt the predicted gene CG34220 nested in the first intron ( Figure  4A ). Embryos maternally and zygotically mutant for oys ⌬67 expressed no detectable oys mRNA (Figure 4 , C and E). Finally, three deletions extending into the frj coding region were obtained (Supplemental Figure S2A ). The absence of mRNA from frj ⌬11 (a 1.1-kb deletion) and frj ⌬30 (a 1.4-kb deletion) maternal/zygotic mutant embryos was confirmed by in situ hybridization (Supplemental Figure S2 , C and E, and data not shown).
Effects of Oys, Nes, and Frj Mutations on Fertility and Lipid Composition
Zygotic loss of oys, nes, or frj did not affect viability or fertility; nes ⌬52 , oys ⌬67 , and frj ⌬30 flies survived to adulthood with no apparent morphological defects. Although the mammalian Nes homologue has been implicated in Golgi integrity and vesicle trafficking (Hodges et al., 2005) , we did not detect any alteration of Golgi morphology in nes mutant Figure S1 , J and K). To uncover possible functional redundancy between the three enzymes in vivo, we generated all the double and triple mutant combinations of oys, nes, and frj. Although all the mutant combinations allowed adult survival, oys ⌬67 ; nes ⌬52 (oys nes) males, as well as triple mutant males, were sterile. The fertility of oys nes mutant females was also reduced; 70% of embryos resulting from a cross to heterozygous males failed to hatch (n ϭ 100), and 24% displayed extensive degeneration of cell membranes (n ϭ 325) ( Figure 5, A and B) . Removal of zygotic oys and nes further reduced adult viability to 10% of the number of flies carrying wild-type paternal copies of both genes (n ϭ 530). Flies homozygous for precise excisions of both the oys and nes P elements showed normal fertility and viability, indicating that the defects are specifically caused by loss of both oys and nes.
Using LC/MS/MS, we analyzed the lipid composition of adult flies homozygous for each of the three single mutations, as well as oys nes double mutants and oys nes frj triple mutants. Specific phospholipid molecular species were detected by multiple-reaction monitoring using the mass/ charge ratio (m/z) transitions included in Supplemental Table S1. We were able to reproducibly measure the relative amounts of 39 different molecular species for each major phospholipid class (PE, PC, PS, PI, PG, and PA) plus oddchain or deuterated internal standards for each of the classes.
At the level of whole adult animals, the phospholipid molecular species profiles were similar among wild-type flies, each of the single mutants, and the double and triple mutants ( Supplemental Table S2 and Supplemental Figure  S3 ). The total amounts of triglycerides, free sterols, and steryl esters measured by TLC also did not vary among the different genotypes (Supplemental Figure S4 and data not shown). Of the more abundant molecular species, only a few differed from wild-type levels by more than 50% (Supplemental Table S2 ), but there were subtle changes in the molecular species distribution of some phospholipid classes. Notably, an increase in the proportion of molecules bearing two saturated acyl chains was observed for PE in oys, oys nes, and triple mutants ( Figure 5C ), consistent with the in vitro preference of the Oys enzyme for 18:1-CoA and lyso-PE as substrates. Likewise, each of the single mutants, the double mutant, and the triple mutant showed an increase in the proportion of saturated molecular species of PC ( Figure 5D ). This change was also consistent with the preference of Nes for unsaturated acyl-CoAs and lyso-PC, and the moderate activity of Oys and Frj toward lyso-PC (Figure 2 ).
Oys and Nes Are Required for Spermatid Individualization
We examined oys nes mutant testes in order to determine the basis for the male sterility observed in these double mutants. Starting from the apical end of the testis, germline stem cells The oys ⌬67 deletion (red) extends past the oys start codon (arrowhead), but does not disrupt the predicted transcription unit CG34220 nested in the first intron of oys. (B-E) In wild-type blastoderm embryos, an oys-specific probe detects strong maternal expression (B); oys RNA is not detectable in the germ cells (arrow). Later in embryogenesis, zygotic oys expression is detected ubiquitously (D). This expression is abolished in embryos produced by oys ⌬67 parents (C and E). undergo mitotic and meiotic divisions to generate differentiating cysts each containing 64 spermatids. As they move basally, the spermatids elongate and extend axonemes back toward the apical end (Fuller, 1993;  Figure 6A ). oys nes mutant testes appeared relatively normal by light and phase-contrast microscopy and contained elongated spermatids (Supplemental Figure S5B) . Staining of the nuclei and spectrosomes confirmed that the early stages of spermatogenesis proceeded normally in oys nes mutants (Supplemental Figure S5D and data not shown). After completion of meiosis, the mitochondria of each spermatid fuse to form a Nebenkern, a structure that gives rise to the specialized mitochondrial derivatives that power the motility of the sperm flagellum (Fuller, 1993) . In mutants defective in cytokinesis, all the mitochondria that remain together within the spermatids that have failed to divide fuse to form a single large Nebenkern flanked by multiple nuclei (Xu et al., 2002; Farkas et al., 2003) . oys nes onion-stage spermatids contained individual Nebenkerne of normal size, indicating normal cytokinesis (Supplemental Figure S5F) . Additionally, visualization of the adducin-rich elongation complexes at the tips of the microtubule-based axonemes (Ghosh-Roy et al., 2004) showed no defects in axoneme elongation in mutant testes (Supplemental Figure S5D ). EM of preindividualized spermatids from oys nes mutants revealed normal morphology of the major and minor mitochondrial derivatives (Supplemental Figure S6 , D and E). Consistent with normal mitochondrial development in other tissues, locomotor activity, a measure of muscle mitochondrial function (Xu et al., 2006) , was not altered in oys nes mutant adult flies (Supplemental Figure S6A ), and Mitotracker immunofluorescence appeared normal in oys nes mutant larval fat body (Supplemental Figure  S6 , B and C). Mitochondrial abnormalities are thus unlikely to explain the spermatogenesis defect. Because no mature motile sperm were found in mutant seminal vesicles (data not shown), Oys and Nes must act in the final stages of spermatid differentiation and maturation.
After elongation of the axonemes is complete, the individual spermatids become separated and most of their cytoplasm is removed. This individualization process depends on an actin-rich individualization complex (IC) that assembles around the spermatid nuclei and traverses the length of the cyst toward the apical end (Tokuyasu et al., 1972; Fabrizio et al., 1998) . In wild-type testes, initializing ) , oys, nes, and frj single mutant, oys nes frj triple mutant, and oys nes double mutant adult flies as described in the text. The relative proportion of molecular species containing two saturated fatty acids is given for PE (C) and PC (D). The data represent the mean Ϯ SEM of three individual lipid extractions, each prepared from three whole flies. (E and F) LC/MS/MS was used to quantify molecular species of phospholipids from testes dissected from control males homozygous for precise excisions of both the oys and nes P elements (oysP nesP) and from oys nes double mutant males. The relative proportion of molecular species containing two saturated fatty acids is given for PE (E) and PC (F). The data represent the mean Ϯ SEM of three individual runs.
ICs visualized by staining with rhodamine-coupled phalloidin were visible around the spermatid nuclei in the basal testis ( Figure 6B, arrow) , progressing ICs appeared at different positions along the length of the testis (Figure 6B , arrowheads, mean ϭ 9.95 progressing ICs per testis, n ϭ 20 testes), and completed ICs collected at the end of the cysts in the apical region of the testis (Figure 6B, asterisk) . In oys nes double mutants, ICs were visible in the basal region of the testis, in association with the cyst nuclei ( Figure 6C, arrow) . However, very few progressing ICs were detectable ( Figure  6C , mean ϭ 0.58 progressing ICs per testis, n ϭ 19 testes), and no ICs collected in the apical testis ( Figure 6C, asterisk) . Thus, the individualization process is defective in the absence of oys and nes.
Each IC is composed of 64 actin cones that are thought to push the cytoplasm ahead of them as they traverse the cyst, stripping the spermatids of most of their cellular mass (Tokuyasu et al., 1972; Noguchi and Miller, 2003; Noguchi et al., 2006) . In the oys nes double mutant, actin cones assembled normally around the spermatid nuclei ( Figure 6 , D and E). All 64 wild-type actin cones remained associated in the IC as they moved away from the nuclei (Figure 6, D and F) , but oys nes mutant actin cones dissociated from each other as they progressed, disassembling the IC (Figure 6, E and G) .
Intact ICs were almost never found apical to the nuclei, and individual stray actin cones were frequently observed (Figure 6G) . A similar disassembly of the ICs as they progress occurs in myosin VI (jar) mutants (Noguchi et al., 2006) . Myosin VI, an actin-binding protein, localizes to the front of the actin cones and is thought to stabilize actin filaments within the cones (Rogat and Miller, 2002; Noguchi et al., 2006;  Figure 6F ). We found that Myosin VI localization was not disrupted in initializing ICs in the basal region of oys nes mutant testes (not shown). Furthermore, even progressed mutant actin cones that had completely dissociated from ICs displayed normal Myosin VI localization ( Figure 6G ). Together with the normal morphology of the actin cones, as revealed by phalloidin staining, this suggests that the oys nes phenotype does not arise from defects in cone structure.
As individualization proceeds, the cytoplasm that is extruded from the cyst forms a cystic bulge around the IC that is eventually discarded in a waste bag at the apical end of the cyst (Fuller, 1993) . The cystic bulge and the more apical region of the cyst contain activated caspases, which perform a nonapoptotic function in late-stage spermatid differentiation (Arama et al., 2003;  Figure 6H ). Although oys nes mutant cysts did not form cystic bulges, they contained activated caspases in the apical region ( Figure 6I ), consistent with Figure 6 . Spermatid individualization is compromised in the oys nes mutant. (A) Schematic of spermatogenesis. The germline stem cells reside at the apical tip of the testis and progress basally as they divide and undergo meiosis. Once the spermatids have reached the basal region of the testis, differentiation begins and the axonemes extend back toward the apical tip. (B-E) In wild-type testes (B), individualization complexes (ICs, phalloidin, red) form around the nuclei (DAPI, blue) in the basal region (arrow). They progress back (arrowheads) toward the apical tip, individualizing the spermatids as they advance. Once they reach the apical region (asterisk), they are collected as waste bags. In oys nes mutant testes (C), ICs are formed normally around the nuclei (arrow) but fail to advance and are not detected in the apical region (asterisk). Higher magnification views of ICs in the basal region are shown in D and E. In wild type (D), the actin cones remain assembled in the IC (arrow) as they progress away from the nuclei (arrowhead), whereas in the mutant (E), the cones dissociate from each other (arrow) as they progress away from the nuclei. (F and G) Myosin VI (green) localizes to the front of the actin cones in wild type (F) and in the oys nes mutant (G, arrowheads), despite the fact that the mutant actin cones are no longer assembled into ICs. (H and I) Active caspases can be detected in wild-type (H) and oys nes mutant cysts (I, arrow). In wild-type, high levels of active caspase are present in the cystic bulge (arrow) around the IC, whereas no cystic bulges are seen in the mutant. other observations showing that individualization is not essential for continued differentiation (Arama et al., 2003) . Oys and Nes are thus redundantly required for progression of the ICs during individualization, but not for mitosis, meiosis, cytokinesis, mitochondrial specialization, axoneme elongation, IC formation, or terminal differentiation. The phenotype of the triple oys nes frj mutant was identical to the oys nes double mutant (Supplemental Figure S7) . Together with the normal fertility of single frj mutants and oys frj and nes frj double mutants, this indicates that Frj does not play a significant role in spermatogenesis.
We analyzed the testes of oys nes mutant adult males and of control precise excision males to determine their phospholipid molecular species profiles. As shown in Supplemental Table S2 , the phospholipid profiles of testes were quite similar to those observed in whole flies, as were the changes in phospholipid species distribution in the mutant testes. Among the more abundant species, only 16:0/18:3PA and 16:0/18:1PS were clearly diminished in the testes of oys nes adult flies, and the relative levels of 18:1/18:2PG were increased. Again, we saw subtle but reproducible increases in the percentage of PC and PE species bearing two saturated acyl chains in the absence of Oys and Nes ( Figure 5 , E and F), indicating that these proteins are required for normal phospholipid composition in the testis as well as in somatic tissues.
Oys and Nes Act Together to Promote Migration of the Embryonic Germ Cells
The primordial germ cells are formed at the posterior of the embryo during the syncytial blastoderm stage. They are carried inside the embryo by the movements of gastrulation, and they subsequently migrate through the posterior midgut epithelium into the mesoderm and associate with the somatic gonadal precursors (SGPs). A number of genes required for distinct steps in this migration process encode proteins involved in lipid metabolism (Kunwar et al., 2006) , prompting us to examine germ cell migration in our MBOAT mutants.
Those embryos laid by oys nes mutant mothers that showed normal membrane structure and embryonic patterning nevertheless frequently contained a significant number of germ cells that failed to reach the gonads (Figure 7 , B, G, and H). These germ cells appeared to migrate through the midgut epithelium normally (Supplemental Figure S8 ), but they remained associated with the basal surface of the gut rather than attaching to the SGPs or scattering throughout the embryo (Figure 7B, Supplemental Figure S8F ). This phenotype was not observed in either of the single mutants (Figure 7 , D, E, G, and H) or in a strain containing precise excisions of both the oys and nes P elements (Figure 7 , A, G, and H), indicating that it can be attributed to the loss of oys and nes rather than to other factors in the genetic background. Both the number of mis-migrating germ cells and the proportion of embryos displaying the defect were increased when the wild-type paternal contributions of oys and nes were removed, suggesting that zygotic transcription can provide partial Oys and Nes function at this stage (Figure 7, G and H) . Because embryos from triple mutant mothers did not exhibit a stronger phenotype than those from double mutant mothers ( Figure 7C and data not shown), and frj single mutants showed normal germ cell migration (Figure 7, F-H) , Frj does not appear to be required for this process.
Migration of germ cells away from the gut and into the mesoderm is driven by repulsion from regions where the lipid phosphate phosphohydrolases Wunen (Wun) and
Wunen2 (Wun2) are expressed at high levels (Zhang et al., 1997; Starz-Gaiano et al., 2001; Sano et al., 2005) . In addition to this repulsion, germ cells are attracted to regions with high levels of HMG-CoA reductase (HMGCR) expression (Van Doren et al., 1998) . The migration failure in oys nes mutants suggests that germ cells are not repelled normally by Wunens in the absence of Oys and Nes activity. Additionally, the persistent gut association of the germ cells is reminiscent of mutants in the hmgcr pathway (Santos and Lehmann, 2004) . To determine whether LPLATs might be involved in one of these pathways, we looked for genetic interactions of oys and nes with wunens or hmgcr. Overexpression of HMGCR in the embryonic CNS induces ectopic migration of the germ cells (Van Doren et al., 1998) . This effect was not significantly modified by either the absence of maternal oys and nes or the zygotic overexpression of Nes (Supplemental Figure S8I) . In contrast, nes showed genetic interactions with wun2. Maternal overexpression of Nes throughout the embryo induced degeneration similar to that seen in the absence of oys and nes. This effect was greatly exacerbated by the zygotic overexpression of Wun2 ( Figure  7 , I and J). Overexpression of Wun2 in a wild-type background did not induce degeneration at a significant penetrance. Oys and Nes may thus participate in the same process as Wun and Wun2.
DISCUSSION
Here we present the first comprehensive analysis of MBOAT family LPLATs in an animal model. Using heterologous expression in MBOAT LPLAT-deficient yeast, we have shown that Oys is a broad-specificity LPLAT, Nes preferentially acylates lyso-PC, and Frj preferentially acylates lyso-PI. All three enzymes show a strong preference for unsaturated fatty acyl-CoAs in the yeast system. We have generated Drosophila mutants lacking each MBOAT LPLAT and have performed detailed phospholipid molecular species analyses of our mutants using mass spectrometry. We detected small but significant increases in the percentage of di-saturated phospholipid species in all the mutants, suggesting that LPLATs function to incorporate unsaturated fatty acids into phospholipids in vivo. Our phenotypic analysis has shown that Oys and Nes are redundantly required for two specific aspects of germ cell development: germ cell migration in the embryo and spermatid individualization in the adult. Together, the genetic and biochemical data implicate phospholipids or lysophospholipids in germ cell development, but further studies will be required to identify the specific lipid effectors.
MBOAT LPLATs Are Not Essential for All Phospholipid Remodeling
The Lands Cycle involves the CoA-dependent exchange of acyl chains between different phospholipids. It is thought to play a critical role in the incorporation of polyunsaturated fatty acids into the sn-2 position of membrane phospholipids, which influences the curvature and fluidity of cell membranes (van Meer et al., 2008) . The cell membrane defects we observed in embryos lacking both oys and nes provide evidence that these LPLATs are involved in the remodeling of embryonic membranes. However, the adult survival of some double and triple mutant animals, and the relatively small reductions in specific unsaturated phospholipid molecular species in adult mutant flies, suggest that other pathways for introducing unsaturation into membrane phospholipids can compensate for the absence of MBOAT family LPLATs (Yamashita et al., 1997; Shindou and Shimizu, 2008) . Similarly, neither ale1 mutations in yeast (Riekhof et al., 2007b) nor cytosolic PLA 2 deletions in mice are lethal, although both interfere with the Lands Cycle (Bonventre et al., 1997; Uozumi et al., 1997) . Consistent with the existence of multiple parallel pathways for the maintenance of phospholipid compositional homeostasis, we have found that the absence of all three Drosophila LPLATs does not affect rapid cold hardening, a process in which cold temperatures above 0°C induce an increase in membrane desaturation that leads to increased survival on subsequent exposure to subzero temperatures (Watson and Morris, 1987; Czajka and Lee, 1990; Overgaard et al., 2005; Supplemental Figure S9 ).
Like its orthologues in other species, Frj acts as a lyso-PI acyltransferase when expressed in yeast (Gijón et al., 2008; Lee et al., 2008) . However, mass spectrometry did not reveal major changes in PI species in frj mutants. The primary role of the C. elegans Frj ortholog, MBOA-7, appears to be in the incorporation of polyunsaturated fatty acids (PUFAs) from the diet into the PI pool . Because flies have very little PUFA in their diet, it is not surprising that the relative amounts of the PI molecular species are unchanged. We detected no morphological defects in frj mutants, and we have also found no change in electroretinograms recorded from frj mutants (S. Berger, personal communication), or in their circadian activity patterns (J. Blau, personal communication).
Oys and Nes Contribute to Germ Cell Migration during Embryogenesis
During embryogenesis, the germ cells undergo a series of tightly regulated migration steps to reach their final destination in the mesodermally derived somatic gonad. Several proteins involved in lipid metabolism are required for nor- Figure 7 . oys nes mutants show abnormal germ cell migration. (A-F) By stage 14 of embryogenesis, the germ cells (stained with anti-Vasa in purple) associate with the somatic gonadal precursors and form two bilateral clusters. Embryos from mothers carrying precise excision alleles of oys and nes show no defect in this process (A), in contrast to embryos from oys nes double mutant mothers (B, arrows), or oys nes frj triple mutant mothers (C, arrow), in which some germ cells remain associated with the gut. Mothers singly mutant for oys (D) or nes (E) produce embryos with normal germ cell migration. Embryos from frj mutant mothers are also normal (F). (G and H) Quantification of the germ cell migration phenotype reveals that embryos lacking maternal oys and nes (M) have an average of five germ cells associated with the gut by stage 14, and removing paternally contributed oys and nes from half the embryos (MZ) increases this number to 7 (G). The number of embryos counted is given above each column. Thirty-eight percent of embryos lacking maternal oys and nes (M) have more than five germ cells associated with the gut by stage 14, and the penetrance is increased to 65% when one copy of paternally contributed oys and nes is removed from half the embryos (MZ; H). Control embryos laid by mothers carrying precise excisions of both genes (Precise M, Precise MZ) and single oys, nes or frj mutants show no significant germ cell migration defects (G and H). Embryos showing membrane degeneration were not included in the quantitative analysis. (I and J) nes interacts genetically with wun2. Maternal overexpression of Nes causes 30% of embryos to degenerate, whereas co-overexpression of Nes and Wun2 causes both quantitative and qualitative enhancement of the phenotype. Zygotic overexpression of Wun2 alone causes only 6% of embryos to degenerate (I). An example of a degenerating embryo overexpressing both Nes and Wun2 is shown in J. mal migration, including the Wunen lipid phosphate phosphatases and components of the isoprenoid synthesis pathway (Kunwar et al., 2006) . The LPLATs Oys and Nes are likewise required for germ cells to migrate into the mesoderm, and either enzyme is sufficient for this process. Both maternal and zygotic transcripts of both genes appear to contribute to producing the necessary level of LPLAT activity. Because only nes, but not oys, transcripts are detectable in the germ cells ( Figures 3B and 4B, arrows) , it is likely that Oys and Nes function in the soma to promote germ cell migration, although we cannot rule out the possibility that one or both are required in the germline as well.
Gut specification appears normal in oys nes mutant embryos as judged by morphology and wunen2 expression (Supplemental Figure S8 , G and H, and data not shown), and specification of the somatic gonadal precursors is also unlikely to be affected, because some germ cells reach the gonads and condensation occurs normally. Our results thus suggest that Oys and Nes contribute to a signaling pathway involved directly in guidance of the migrating germ cells. The high levels of oys and nes expression in the embryonic mesoderm are consistent with this hypothesis. The in vitro preference of Nes for lyso-PC and the change in PC saturation in oys nes double mutants together suggest that a choline phospholipid such as lyso-PC or PC could be involved in germ cell guidance. Lyso-PC has been shown to act as a guidance cue for mammalian monocytes (Lauber et al., 2003) . nes interacts genetically with wunen2, suggesting that Oys and Nes might alter the levels of a Wunen substrate or product. Because LPPs such as Wunen dephosphorylate lyso-PA and PA, but not lyso-PC or PC (Waggoner et al., 1999; Renault et al., 2004) , an additional enzymatic step would be required for the two pathways to interact biochemically.
Spermatid Individualization Requires Oys and Nes
Our analysis of oys nes double mutant testes shows that they exhibit a specific defect in spermatid individualization, with mutant ICs dissociating as they progress away from the nuclei. The phenotype is stronger than that of null myosin VI mutants (Morrison and Miller, 2008) and is also distinct in that oys nes mutant actin cones appear normal, as assessed by phalloidin and Myosin VI staining (Noguchi et al., 2006) . Several models could explain the function of Oys and Nes in spermatid individualization. It is possible that Oys and Nes are required for the formation of a specific membrane phospholipid necessary for tethering the actin cones to the plasma membrane (Fabrizio et al., 1998; Rogat and Miller, 2002) , analogous to the role of the phosphoinositide PI(4,5)P 2 in docking the basal body to the nuclear membrane during spermatid elongation (Wei et al., 2008) . Alternatively, redistribution of acyl chains catalyzed by Oys and Nes could be required for membrane remodeling around the spermatids as they individualize. A third possibility is that Oys and Nes could regulate the concentration of lipid signals such as lysophospholipids or free fatty acids that might regulate individualization. Caspase activation in apoptotic cells has been shown to regulate the levels of lyso-PC and arachidonic acid (Lauber et al., 2003) and might do so during spermatogenesis as well. Other classes of lipid signals have also been implicated in regulating spermatid individualization (Jung et al., 2007) . Finally, Oys and Nes might act nonenzymatically to promote individualization. Although our data do not definitively rule out this possibility, the changes in phospholipid composition we see in mutant testes are consistent with an enzymatic role for these enzymes in spermatogenesis. Successful completion of mammalian spermatogenesis depends on the precise lipid composition of sperm membranes (MacDonald et al., 1984; Hall et al., 1991; Osuga et al., 2000) and an inherited mutation in human MBOAT1, an Oys homologue, also disrupts spermatogenesis (Dauwerse et al., 2007) . The role of LPLATs in germline development may thus be conserved throughout metazoa.
